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(57) ABSTRACT

The present mvention provides a method for providing a
crystalline germanium layer on a crystalline base substrate
having a crystalline surface. The method comprises cleaning
the base substrate for removing contaminants and/or native
oxides from the surface, providing an amorphous germanium
layer on the surface of the base substrate while exposing to the
base substrate to a hydrogen source such as e.g. a hydrogen
plasma, a H, flux or hydrogen originating from dissociation
of GeH, and/or to a non-reactive gas source such as N,, He,
Ne, Ar, Kr, Xe, Rn or mixtures thereof, and crystallizing the
amorphous germanium layer by annealing the base substrate
so as to provide a crystalline germanium layer. The present
invention also provides a method for the production of a
photovoltaic cell or a photo-electrolysis cell or for forming a
CMOS device by using the method according to embodi-
ments of the mvention and a substrate comprising a crystal-
line germanium layer formed by a method according to
embodiments of the invention.
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METHOD FOR PRODUCING A
CRYSTALLINE GERMANIUM LAYER ON A
SUBSTRATE

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

This application 1s the national phase under 35 U.S.C. §371
of PCT International Application No. PCT/EP2008/059461
which has an International filing date of Jul. 18, 2008, which
designates the United States of America, and which claims
the benefit of U.S. Provisional Application No. 60/951,127
filed Jul. 20, 2007 and PCT International Application No.
PCT/EP2008/055317 filed Apr. 30, 2008, the disclosures of
which are hereby expressly incorporated by reference 1n their
entireties and are hereby expressly made a portion of this
application.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to the field of semiconductor
processing, in particular to the production of Ge-based layers
on a base substrate, such as a S1 substrate. More particularly,
the present invention provides a method for providing a crys-
talline germanium layer on a base substrate, to a method for
forming a photovoltaic cell or a photo-electrolysis cell, a
method for forming a CMOS device using the method accord-
ing to embodiments of the invention and to a substrate com-
prising a crystalline germanium layer formed by a method
according to embodiments of the invention.

BACKGROUND OF THE INVENTION

Heteroepitaxy of Ge on S1 1s a research topic of significant
technological importance. Germanium layers integrated 1nto
Si-based complementary metal-oxide semiconductor
(CMOS) technology offer attractive application possibilities.

The large lattice mismatch between Ge and S1 (4%) makes
it difficult to obtain high quality crystalline Ge on S1 sub-
strates. The lattice mismatch leads to a high surface rough-
ness due to 1sland growth and high densities of threading
dislocations 1n the Ge epilayers. At too high temperatures Ge
will mix with S1 and S1Ge 1s formed.

In “Solid phase epitaxy of deposited amorphous Ge on
GaAs”, Appl. Phys. Lett. 47(8), 1985, pp. 815-817, C. 1.
Palmstrom et al. describe solid phase epitaxial growth of
clectron beam deposited amorphous germanium on GaAs.
The GaAs substrates are first cleaned to remove contaminants
from the surface. Then an amorphous germanium layer 1s
deposited onto the surface. Next, the substrates are annealed
to epitaxially crystallise the amorphous germanium layer.
Complete epitaxy was obtained for contamination free GaAs
surfaces.

Muniz et al (J. of Physics: Condens. Matter 19(7), 076206
(2007)) studied aluminum induced growth of nanocrystalline
germanium on glass substrates and on crystalline S1 sub-
strates. The influence of aluminum doping and hydrogenation
of the Ge layer on the crystallization of the Ge was studied.
However, the method described 1n this article did not lead to
Ge layers with a high crystal quality. Alternatives and
improved methods are constantly searched for in the industry.

SUMMARY OF THE INVENTION

It 1s an object of embodiments of the present mnvention to
provide a good method for providing a crystalline germanium
layer on a base substrate, a method for forming a photovoltaic
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cell or a photo-electrolysis cell and a method for forming a
CMOS device using the method according to embodiments of
the mvention and a substrate comprising a crystalline germa-
nium layer formed by a method according to embodiments of
the mvention.

The above objective 1s accomplished by a method and
device according to embodiments of the present invention.

In a first aspect, the present invention provides amethod for
providing a crystalline germamum layer on a base substrate
having a surface, e.g. a crystalline surface. The method com-
Prises:

cleaning the base substrate for removing contaminants

and/or native oxides from the surface,

providing an amorphous germanium layer on the surface of

the base substrate, and

crystallising the amorphous germanium layer by annealing,

the base substrate so as to provide a crystalline germa-
nium layer.

Providing an amorphous germanium layer 1s performed
while exposing the base substrate to a hydrogen source such
as €.g. a hydrogen plasma, a H, flux or hydrogen originating
from the dissociation of GeH,, to a non-reactive gas source
such as N,, He, Ne, Ar, Kr, Xe, Rn or mixtures thereof, or to
a mixture of hydrogen and a non-reactive gas.

According to an embodiment, the present invention pro-
vides a method for providing a crystalline germanium layer
on a base substrate having a surface, e.g. a crystalline surface.
The method comprises:

cleaning the base substrate for removing contaminants

and/or native oxides from the surface,

providing an amorphous germanium layer on the surface of

the base substrate, and

crystallising the amorphous germanium layer by annealing

the base substrate so as to provide a crystalline germa-
nium layer.

According to this embodiment, providing an amorphous
germanium layer 1s performed while exposing the base sub-
strate to a hydrogen source such as e.g. a hydrogen plasma, a
H, flux or hydrogen originating from the dissociation of
GeH,.

By exposing the base substrate to a hydrogen source while
forming the amorphous germanium layer, the amorphous
germanium layer will comprise hydrogen. According to
embodiments of the imnvention, an amount of hydrogen can be

present 1n the amorphous germanium layer of less than 20%.
The amount of hydrogen atoms 1n the layer can for example

vary between 4.10"'H atoms/cm” and 8.10°° (=20%) H
atoms/cm® or between 4.10''H atoms/cm” and 4.10°'H
atoms/cm> or between 4.10''H atoms/cm” and 4.10°°H
atoms/cm’.

By exposing the base substrate to a non-reactive gas source
while forming the amorphous germanium layer, the amor-
phous germanium layer may or may not comprise non-reac-
tive gas atoms. In case when the amorphous germanium layer
comprises non-reactive gas atoms, however, the amount of
non-reactive gas atoms will be lower than in case the base
substrate 1s expose to a hydrogen source while forming the
amorphous germanium layer. The amorphous germanium
layer may, for example comprise, less than 4.10"’ non-reac-
tive gas atoms/cm”.

According to another embodiment, the present invention
provides a method for providing a crystalline germanium
layer on a base substrate having a surface, e.g. a crystalline
surface. The method comprises:

cleaning the base substrate for removing contaminants

and/or native oxides from the surface,
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providing an amorphous germanium layer on the surface of

the base substrate, and

crystallising the amorphous germanium layer by annealing

the base substrate so as to provide a crystalline germa-
nium layer.

According to this embodiment, providing an amorphous
germanium layer 1s performed while exposing the base sub-
strate to a non-reactive gas source such as N, He, Ne, Ar, K,
Xe, Rn or mixtures thereof.

According to embodiments of the ivention, the substrate
may be a S1 substrate having at least a surface with hexagonal
symmetry.

According to other embodiments, at least part of the sub-
strate may have a S1 surface with hexagonal symmetry.

The substrate may, for example, be a S1(111) substrate.

According to embodiments of the invention, the crystalline
germanium layer may be amonocrystalline germanium layer.

According to embodiments of the invention, cleaning the
base substrate may be performed by using HF or HF-gas.

According to embodiments of the invention, cleaning the
base substrate may be performed by using a wet or a dry
chemical cleaning step.

According to embodiments of the invention, cleaning the
base substrate may be performed 1n a hydrogen plasma.

According to embodiments of the invention, cleaning the
base substrate may be performed by thermal annealing of the
substrate 1n vacuum at a temperature above which the native
oxide of the substrate 1s stable. As known by a person skilled
in the art, this temperature may be dependent on the kind of
substrate used and thus on the kind of native oxide formed.

Cleaning the base substrate may be such that, after clean-
ing, the substrate surface has a roughness of lower than 1 nm
RMS.

According to embodiments of the invention, providing an
amorphous germanium layer may, for example, be performed
by Chemical Vapour Deposition (CVD), for example plasma
enhanced CVD (PECVD), using hydrogen and a gas com-
prising germaniuim.

Providing the amorphous germamum layer may be per-
formed at a temperature between —196° C. and 500° C., for
example between —100° C. and 400° C., between 100° C. and
400° C. or between 0° C. and 300° C.

According to embodiments of the invention, crystallising
the amorphous germanium layer may be performed by
annealing the base substrate 1n a nitrogen atmosphere. The
nitrogen atmosphere may, for example, comprise NH;, N, or
a N plasma.

According to embodiments of the invention, annealing
may be performed at a temperature of between 400° C. and
900° C. If during annealing the substrate 1s exposed to a
nitrogen atmosphere, a GeN layer may be formed on the Ge
layer which can later on be used for, for example, contact
improvement or surface passivation or to deposit other mate-
rials on top of. According to embodiments of the invention,
this GeN may be removed before further performing other
process steps.

The method may furthermore comprise providing, e.g.
implanting the amorphous germanium layer with dopant ele-
ments. According to embodiments of the invention, provision
of the dopant elements may be performed during formation of
the amorphous germanium layer. According to other embodi-
ments of the ivention, provision, €.g. implantation of the
dopant elements may be performed after formation of the
amorphous germanium layer and before crystallising the
amorphous germanium.

In another aspect, the present invention provides a method
for providing a crystalline germanium layer on a silicon sub-
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strate having at least a surface with hexagonal symmetry, e.g.
a crystalline surface with at least hexagonal symmetry. The
method comprises:
cleaning the silicon substrate for removing contaminants
and/or native oxides from the surface,
providing an amorphous germanium layer on the surface of
the silicon substrate, and
crystallising the amorphous germanium layer by annealing,
the silicon substrate so as to provide a crystalline ger-
mamium layer.
The substrate may, for example, be a S1(111) substrate.
In a further aspect, the present invention provides a method
for providing a crystalline germanium layer on a silicon sub-
strate having at least a surface with hexagonal symmetry, e.g.
a crystalline surface with at least hexagonal symmetry. The
method comprises:
cleaning the silicon substrate for removing contaminants
and/or native oxides from the surface,
providing an amorphous germanium layer on the surface of
the silicon substrate, and
crystallising the amorphous germanium layer by annealing,
the silicon substrate so as to provide a crystalline ger-
manmium layer,
wherein providing an amorphous germamum layer 1s per-
formed while exposing the silicon substrate to a hydrogen
source such as e.g. a hydrogen plasma, a H,, flux or hydrogen
originating from the dissociation of GeH,, to a non-reactive
gas source such as N,, He, Ne, Ar, Kr, Xe, Rn or mixtures
thereol, or to a mixture of hydrogen and a non-reactive gas.
The substrate may, for example, be a S1(111) substrate.
According to one aspect, the present invention provides a
method for providing a crystalline germanium layer on a
silicon substrate having at least a surface with hexagonal
symmetry, e.g. a crystalline surface with at least hexagonal
symmetry. The method comprises:
cleaning the silicon substrate for removing contaminants
and/or native oxides from the surface,
providing an amorphous germanium layer on the surface of
the silicon substrate, and
crystallising the amorphous germanium layer by annealing
the silicon substrate so as to provide a crystalline ger-
manmium layer,
wherein providing an amorphous germamum layer 1s per-
formed while exposing the silicon substrate to a hydrogen
source such as e.g. a hydrogen plasma, a H, flux or hydrogen

originating from the dissociation of GeH,.
The substrate may, for example, be a S1(111) substrate.

The silicon substrate 1s exposed to the hydrogen source
during deposition of the amorphous germanium layer. So
while forming the amorphous germamum layer, also the
already formed amorphous germanium layer 1s exposed to the
hydrogen source.

According to another aspect, the present ivention pro-
vides a method for providing a crystalline germanium layer
on a silicon substrate having at least a surface with hexagonal
symmetry, e.g. a crystalline surface with at least hexagonal
symmetry.

The method comprises:

cleaning the silicon substrate for removing contaminants

and/or native oxides from the surface,

providing an amorphous germanium layer on the surface of

the silicon substrate, and

crystallising the amorphous germanium layer by annealing,

the silicon substrate so as to provide a crystalline ger-

manmium layer,
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wherein providing an amorphous germanium layer 1s per-
tormed while exposing the silicon substrate to a non-reactive

gas source such as N,, He, Ne, Ar, Kr, Xe, Rn or mixtures
thereof.

The substrate may, for example, be a S1(111) substrate.

In a further aspect, the present ivention also provides a
method for forming a photovoltaic cell or a photo-electrolysis
cell, the method comprising forming a crystalline germanium
layer on a base substrate by a method according to embodi-
ments of the present invention.

According to embodiments of the invention, the crystalline
germanium layer may be amonocrystalline germanium layer.

In yet a further aspect, the present invention also provides
a method for forming a CMOS device, comprising forming a
crystalline germanium layer on a base substrate by a method
according to embodiments of the present invention.

According to embodiments of the invention, the crystalline
germanium layer may be amonocrystalline germanium layer.

In still a further aspect, the present ivention provides a
substrate comprising a crystalline germanium layer, wherein
the crystalline germanium layer has a thickness of lower than
500 nm and wherein the X-ray diffraction rocking curve (less
preferred 1s omega/2theta) characteristic shows a full width at
half maximum (FWHM) of lower than 500 arcsec. The RMS
roughness of a surface of the germanium layer 1s lower than 5
nm, and may, for example, even be lower than 2 nm or lower
than 1 nm.

According to embodiments of the invention, the crystalline
germanium layer may be amonocrystalline germanium layer.

The 1nvention 1s related to a method and a device as dis-
closed in the appended claims. Particular embodiments of the
method and device are disclosed in combinations of the inde-
pendent claims with one or more claims dependent thereon.

Particular and preferred aspects of the invention are set out
in the accompanying independent and dependent claims. Fea-
tures from the dependent claims may be combined with fea-
tures of the independent claims and with features of other
dependent claims as appropriate and not merely as explicitly
set out 1n the claims.

Although there has been constant improvement, change
and evolution of devices 1n this field, the present concepts are
believed to represent substantial new and novel 1mprove-
ments, including departures from prior practices, resulting in

this nature.

The above and other characteristics, features and advan-
tages of the present invention will become apparent from the
tollowing detailed description, taken 1n conjunction with the
accompanying drawings, which 1illustrate, by way o
example, the principles of the invention. This description 1s
given for the sake of example only, without limiting the scope
of the invention. The reference figures quoted below refer to
the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an XRD Omega/2 theta scan of a 50 nm thick
crystallised amorphous Ge layer on Si1, with (solid line) and
without (triangles) the use of a nitrogen plasma during
vacuum anneal.

FI1G. 2 shows an XRD Omega/2 theta scan of a crystallised
amorphous Ge layer on S1(111), with (solid line) and without
(triangles) the presence of hydrogen during deposition of the
amorphous Ge layer.

FI1G. 3 shows an XRD Omega/2 theta scan of a crystallised

amorphous Ge layer on S1(111), with a Ge layer thickness of

91 nm (solid line), 49 nm (triangles) and 12 nm (circles).

the provision of more efficient, stable and reliable devices of
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FIG. 4 shows an XRD Omega/2 theta scan of a 100 nm
thick GaN layer grown on a 100 nm thick crystallised amor-

phous Ge layer on Ge(111).

FIG. 5 shows an XRD Omega/2 theta scan of a 200 nm
thick GaN grown on a 100 nm thick crystallised amorphous
Ge layer on S1(111).

FIG. 6 shows an XRD Omega/2 theta scan of a crystallised
amorphous Ge layer on Si(111) 1n the presence of nitrogen
(dotted line), 1n the presence of hydrogen (solid line) and
without the presence of hydrogen or the use of nitrogen (tri-
angles) during deposition of the amorphous Ge layer.

DETAILED DESCRIPTION OF THE INVENTION

The present mvention will be described with respect to
particular embodiments and with reference to certain draw-
ings but the mvention 1s not limited thereto but only by the
claims. The drawings described are only schematic and are
non-limiting. In the drawings, the size of some of the ele-
ments may be exaggerated and not drawn on scale for illus-
trative purposes.

Furthermore, the terms first, second, third and the like 1n
the description and in the claims, are used for distinguishing,
between similar elements and not necessarily for describing a
sequential or chronological order. It 1s to be understood that
the terms so used are interchangeable under appropriate cir-
cumstances and that the embodiments of the invention
described herein are capable of operation 1n other sequences
than described or illustrated herein.

Moreover, the terms top, bottom, over, under and the like 1n
the description and the claims are used for descriptive pur-
poses and not necessarily for describing relative positions. It
1s to be understood that the terms so used are interchangeable
under appropriate circumstances and that the embodiments of
the mvention described herein are capable of operation in
other orientations than described or 1llustrated herein.

The term “comprising”’, used in the claims, should not be
interpreted as being restricted to the means listed thereatter; 1t
does not exclude other elements or steps. It needs to be
interpreted as specifying the presence of the stated features,
integers, steps or components as referred to, but does not
preclude the presence or addition of one or more other fea-
tures, integers, steps or components, or groups thereot. Thus,
the scope of the expression “a device comprising means A and
B” should not be limited to devices consisting only of com-
ponents A and B. It means that with respect to the present
invention, the only relevant components of the device are A
and B.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described 1n connection with the
embodiment 1s included 1n at least one embodiment of the
present invention. Thus, appearances of the phrases “in one
embodiment” or “in an embodiment” 1n various places
throughout this specification are not necessarily all referring
to the same embodiment, but may. Furthermore, the particular
features, structures or characteristics may be combined 1n any
suitable manner, as would be apparent to one of ordinary skill
in the art from this disclosure, 1n one or more embodiments.

Similarly 1t should be appreciated that 1n the description of
exemplary embodiments of the invention, various features of
the ivention are sometimes grouped together in a single
embodiment, figure, or description thereof for the purpose of
streamlining the disclosure and aiding in the understanding of
one or more of the various mventive aspects. This method of
disclosure, however, 1s not to be interpreted as reflecting an
intention that the claimed invention requires more features
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than are expressly recited in each claim. Rather, as the fol-
lowing claims reflect, mnventive aspects lie in less than all
features of a single foregoing disclosed embodiment. Thus,
the claims following the detailed description are hereby
expressly incorporated into this detailed description, with
cach claim standing on its own as a separate embodiment of
this invention.

Furthermore, while some embodiments described herein
include some but not other features included in other embodi-
ments, combinations of features of different embodiments are
meant to be within the scope of the invention, and form
different embodiments, as would be understood by those 1n
the art. For example, 1n the following claims, any of the
claimed embodiments can be used 1 any combination.

In the description provided herein, numerous specific
details are set forth. However, 1t 1s understood that embodi-
ments of the invention may be practiced without these spe-
cific details. In other instances, well-known methods, struc-
tures and techniques have not been shown in detail i order
not to obscure an understanding of this description.

The mvention will now be described by a detailed descrip-
tion of several embodiments of the invention. It 1s clear that
other embodiments of the ivention can be configured
according to the knowledge of persons skilled 1n the art with-
out departing from the true spirit or technical teaching of the
invention, the invention being limited only by the terms of the
appended claims.

The 1invention 1s related to a method wherein a crystalline
germanium (Ge) layer 1s obtained by formation of an amor-
phous Ge layer on a base substrate, e.g. a S1(111) substrate,
while the substrate 1s exposed to a hydrogen source or a
non-reactive gas source, whereafter the amorphous layer 1s
subjected to an anneal step, during which the amorphous
layer crystallises to form a crystalline layer. In the present
description and the appended claims, a ‘germanium layer’ 1s
to be understood as a layer comprising germanium as the
main element (e.g. more than 90%), not necessarily as a pure
Ge layer. The non-reactive gas source may also be referred to
as inert gas source. The gas used during deposition of the
amorphous germanium layer should be a gas that lowers the
mobility of germanium atoms on the surface of the layer but
which furthermore does not inhibit thermal crystallization.
Therefore, the non-reactive gas source may also be referred to
as inert gas source. In other words, the gas used during depo-
sition of the a-Ge layer may be a diffusion limiting gas.
Examples of non-reactive gasses that may be used with
embodiments of the present invention are N, He, Ne, Ar, Kr,
Xe, Rn or mixtures thereof. Other gasses such as e.g. O, are
expected to react with the material of the base substrate or
with the deposited germanium atoms. This will lead to the
coverage of the substrate surface (e.g. in case of S1 with S10,)
and/or mcorporation of these elements 1nto the amorphous
germanium layer. During thermal annealing these incorpo-
rated elements, which are larger than hydrogen, will not be
able to escape from the germanium layer. The presence of
clements different from Ge 1n the crystalline germanium layer
1s mostly not wanted because of the resulting reduced crystal
quality and reduced electrical quality of the layer although
sometimes dopants at a level below 0.1 promille are wanted.

The method for providing a crystalline germanium layer on
a base substrate having a surface, e.g. crystalline surface,
COmprises:

cleaning the base substrate for removing contaminants

and/or native oxides from the surface,

providing an amorphous germanium layer on the surface of

the base substrate, and
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crystallising the amorphous germanium layer by annealing,
the base substrate so as to provide a crystalline germa-
nium layer,
wherein providing an amorphous germanium layer 1s per-
formed while exposing the base substrate to a hydrogen
source such as e.g. a hydrogen plasma, a H,, flux or hydrogen
originating from the dissociation of GeH,, to a non-reactive
gas source such as N,, He, Ne, Ar, Kr, Xe, Rn or mixtures
thereol, or to a mixture of hydrogen and a non-reactive gas.

The supply and/or presence of a hydrogen source and/or a
non-reactive gas during deposition of germanium can intlu-
ence the crystal quality which can be obtained for crystalli-
zation of Ge, e.g. crystallization of amorphous Ge, on the base
substrate such as silicon. This 1s because the supply and/or
presence of a hydrogen and/or a non-reactive gas during
deposition of germanium lowers the mobility of germanium
atoms on the surface of the layer. Hence, the gas used during
deposition of the a-Ge layer may be a diffusion limiting gas
which furthermore does not inhibit thermal crystallization. In
this way, the short range order (that fixes distances between
atoms) 1n the layer 1s reduced, which leads to a layer with no
overall structure, 1.¢. to a more amorphous or an amorphous
layer. This 1s important because during thermal annealing,
one wants crystalline germanium seeds to be formed at the
interface with the base substrate, e.g. silicon substrate. The
material of the base substrate, e.g. silicon will tend to enforce
its crystal orientation on the germanium seeds. These seeds
grow towards the surface, and can lead to single crystalline
germanium with the same orientation as the base substrate,
¢.g. silicon substrate. When the deposited germanium layer
would not be completely amorphous, 1t could comprise crys-
talline seeds with random orientation 1nside the layer. During
subsequent thermal anneal these seed would then grow and
cause a polycrystalline germamum layer (grains are not
aligned with underlying base substrate, e.g. silicon substrate).
Hence, deposition of the amorphous germanmium layer 1n the
presence of hydrogen or a non-reactive gas leads to improve-
ment of the quality of the final crystalline layer. Examples: for
S1(111) and off cuts monocrystalline Ge can be formed.
Monocrystalline Ge can be formed on S1(001) by depositing
a completely amorphous Ge layer. An alternative approach 1s
to use laser crystallization to start crystallization at the
S1—Ge 1nterface to obtain monocrystalline Ge on S1(001).

Upon exposing the base substrate to the hydrogen source
and/or the non-reactive gas source during deposition of the
amorphous germanium layer, the already formed amorphous
germanium layer 1s also exposed to the hydrogen source
and/or to the non-reactive gas source.

By exposing the base substrate to a hydrogen source while
forming the amorphous germanium layer, the amorphous
germanium layer will comprise hydrogen. According to
embodiments of the imnvention, an amount of hydrogen can be
present 1n the amorphous germanium layer of less than 20%.
The amount of hydrogen included 1n the Ge layer depends on
the deposition method used to form the a-Ge layer and on the
amount of hydrogen that 1s present during deposition. The
amount of hydrogen atoms 1n the layer can for example vary
between 4.10'"H atoms/cm” and 8.10°°H atoms/cm” or
between 4.10"'H atoms/cm” and 4.10°'H atoms/cm” or
between 4.10'’H atoms/cm® and 4.10°°H atoms/cm’. By
exposing the base substrate to a non-reactive gas source while
forming the amorphous germanium layer, the amorphous
germanium layer may or may not comprise non-reactive gas
atoms. In case when the amorphous germanium layer com-
prises non-reactive gas atoms, however, the amount of non-
reactive gas atoms will be lower than 1n case the base sub-
strate 1s expose to a hydrogen source while forming the
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amorphous germanium layer. The amorphous germanium
layer may, for example comprise, less than 4.10"” non-reac-
tive gas atoms/cm”.

According to embodiments of the invention, the base sub-
strate 15 cleaned prior to the a-Ge (amorphous Ge) layer
formation, to remove oxides from the surface, i particular
native oxides. Also during the cleaning step, possible metal
contamination and particles are removed. The cleaning step
may, according to embodiments of the invention, be a chemi-
cal cleaning step. The cleaning step can be a wet or a dry
chemical cleaming step. According to other embodiments of
the 1nvention, the cleaning step may be a thermal cleaning
step performed 1n vacuum at a temperature above which the
native oxide of the substrate 1s stable. As known by a person
skilled 1n the art, this temperature may be dependent on the
kind of substrate used and thus on the kind of native oxide
formed. According to still further embodiments of the mven-
tion, the cleaning step may be a hydrogen plasma cleaning
step.

According to a particular embodiment, the cleaning step
may be such that the surface roughness aiter cleaning is low.
For example, for a Ge layer with a thickness lower than 200
nm, the surface roughness may be lower than 1 nm RMS
(measured with X-ray). For germanium layers with a thick-
ness of ~500 nm, the RMS surface roughness may be lower
than 20 nm, for example lower than 15 nm, lower than 10 nm,
lower than 5 nm or lower than 2 nm. For germanium layers
with a thickness of ~200 nm the RMS surface roughness may
be lower than 15 nm, for example lower than 10 nm, lower
than 5 nm, lower than 2 nm or lower than 1 nm. For germa-
nium layers with a thickness of ~60 nm, the RMS surface
roughness may be lower than 5 nm, for example lower than 2
nm, lower than 1 nm or lower than 0.8 nm. In an experiment
a layer of 130 nm germamum was grown on a Si(111) sub-
strate. In that case an RMS surface roughness of 1.46 nm was
measured with AFM (atomic force microscopy) on a surface
area of 0.5 umx0.5 pum.

Possibly, a pre-deposition anneal step may be performed,
at a temperature of e.g. 900° C., under vacuum or for example
under exposure to H, orto a hydrogen plasma, to further clean
the surface, prior to the deposition of the a-Ge layer.

The cleaning step performed for removing contaminants
and/or native oxides from the surface before an a-Ge layer 1s
provided on that substrate causes the subsequently deposited
a-Ge layer to be 1n direct contact with the crystalline surface
of the base substrate. Formation of a Ge layer onto the clean
substrate would lead to a polycrystalline Ge layer instead of
an a-Ge layer because the underlying crystalline surface will
torce the increase of the short range order of the thin germa-
nium layer. However, by exposing the silicon surface to a gas
which lowers the surface mobility of the deposited Ge atoms
such as hydrogen and/or a non-reactive gas such as e.g. N,
He, Ne, Ar, Kr, Xe, Rn or mixtures thereof, the short range
order will be reduced which results 1n formation of an a-Ge
layer rather than a polycrystalline one.

Formation of the a-Ge layer may be performed by a chemi-
cal vapour deposition (CVD) technique such as, for example,
by Plasma Enhanced Chemical Vapour Deposition (PECVD)
with, for example, GeH, used as a precursor gas. Alterna-
tively, an evaporation technique can be used to form the a-Ge
layer, e.g. Molecular Beam Epitaxy (MBE), using a H,, flux or
a hydrogen-plasma. Regardless of the deposition method, the
deposition temperature may be between —196° C. and 500°

C., for example between —100° C. and 400° C., between 100°
C. and 400° C. or between 0° C. and 300° C. According to a
particular embodiment, a-Ge may be deposited at a tempera-
ture of about 150° C., while annealing to crystallise the a-Ge
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layer may take place at about 600° C. (see further). According
to another example, an a-Ge layer may be formed at a tem-
perature of about 400° C. for one hour or at a temperature of
about 450° C. for 1 minute.

According to an embodiment, dopant elements may be
provided, e.g. implanted 1n the a-Ge layer. According to
embodiments of the invention, the dopant elements may be
included during formation of the a-Ge layer. Dopants may
also be included by e.g. (1on) implantation after crystalliza-
tion of the amorphous germanium layer.

According to other embodiments of the invention, dopant
clements may be included by e.g. (ion) implantation after
formation of the a-Ge layer and before crystallising the a-Ge
layer. Hence, 1n both cases, the dopants are included 1n the
a-Ge layer prior to annealing (for example (1on implantation
can be done such as to realise p doping or n doping). The
subsequent crystallisation step causes activation of the
dopants at lower temperatures compared to an activation
anneal of dopants itroduced 1 a crystallised layer by
implantation. In such a crystallised layer, defects in the crys-
tal caused by the implantation require annealing at high tem-
peratures to restore the crystal, but this 1n turn leads to higher
diffusion of dopants 1n Ge. There 1s another advantage in case
of 1on 1implantation in the amorphous germanium layer. As the
amorphous Ge layer does not show channeling effects upon
implantation (in contrast to crystalline Ge), a sharp and
undeep junction can be realised. Therefore the method
according to embodiments of the mvention allows lowering
the thermal budget of the doping step, and to obtain shallow
junctions. Possibly, the deposition of Ge and the introduction
of dopant elements may take place simultaneously during
deposition. Dopants may also be included by e.g. (10n)
implantation after crystallization of the amorphous germa-
nium layer.

The crystallisation anneal step may, according to embodi-
ments of the invention, take place under a Nitrogen atmo-
sphere. The nitrogen atmosphere can be a nitrogen-plasma
atmosphere or a non-plasma atmosphere comprising for
example N, or NH,.

According to other embodiments of the invention, the crys-
tallisation anneal can also take place under vacuum and with-
out nitrogen.

When annealing 1s performed i a nitrogen-containing,
atmosphere, a layer of GeN (for example Ge;N,) may be
formed on the surface ofthe crystallised Ge layer. Such a GeN
layer improves the surface roughness (1.¢. lower roughness)
of the crystallised Ge layer (underneath the GeN). A GeN
layer can limit roughening of the surface during crystallisa-
tion of the Ge. Furthermore, the GeN layer can passivate the
underlying Ge. The presence of such GeN layer may improve
quality of subsequently formed contacts on the crystalline Ge
layer. On top of the GeN layer, other layers, for example one
or more group III-Nitride layers may be formed, e.g. a GaN
layer. Alternatively, the GeN layer may be removed. After
removal of the GeN layer, a I11I-V layer may be applied on top
of the Ge layer. When no nitrogen-atmosphere 1s applied
during annealing, a II1I-V layer may applied on top of the
crystalline Ge-layer obtained after annealing.

The mvention 1s equally related to a substrate comprising a
crystalline germamum layer, wherein the crystalline germa-
nium layer has a thickness of lower than 500 nm and wherein
the X-ray diffraction rocking curve (less preferred 1s omega/
2theta) characteristic shows a full width at half maximum
(FWHM) of lower than 500 arcsec and a surface of the crys-
talline germanium layer has a surface roughness of lower than
5 nm, for example even lower than 2 nm. According to pre-
terred embodiments, the thickness of the crystalline Ge-layer
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(with FWHM lower than 500 arcsec) may be lower than 400
nm, or lower than 300 nm or lower than 200 nm or lower than
150 nm. According to other embodiments, the FWHM (with
the thickness of the layer being lower than 500 nm) may be
lower than 400 arcsec, or lower than 250 arcsec. According to
embodiments of the invention, the crystalline germanium
layer may be a monocrystalline germanium layer. The sub-
strate as described above can be produced by using a method
according to embodiments of the invention.

Specific embodiments and/or parameter ranges are described
hereafter.

In a particular embodiment, the invention 1s related to a
method for forming a crystalline germanium layer on a base
substrate, comprising:

a. obtaining a base substrate having a surface, e.g. a crys-
talline surface, and cleaning the base substrate for
removing contaminants and/or oxides from the surface;

b. producing a layer of amorphous germanium on the base
substrate; and

c. applying a temperature anneal to the layer of amorphous
germanium, such that said layer of amorphous germa-
nium crystallises into a crystalline layer;

whereby said temperature anneal 1s performed 1n an atmo-
sphere comprising nitrogen.

According to another particular embodiment, the invention
provides a method for forming a crystalline germanium layer
on a base substrate, the method comprising:

a. obtaining a base substrate having a surface, e.g. crystal-
line surface, and cleaning the base substrate for remov-
ing contaminants and/or oxides from the surface;

b. providing a layer of amorphous germanium on the base
substrate while exposing the base substrate to a hydro-
gen source such as e.g. a hydrogen plasma, a H, flux, or
hydrogen from dissociation of GeH, and/or to a non-
reactive gas source such as N, He, Ne, Ar, Kr, Xe, Rnor
mixtures thereot; and

c. applying a temperature anneal to said layer of amor-
phous germanium such that the layer of amorphous ger-
mamium crystallises into a crystalline layer.

According to these embodiments, the temperature anneal

may or may not be performed 1n an atmosphere comprising,
nitrogen.
Upon exposing the base substrate to the hydrogen source
and/or to the non-reactive gas source during deposition of the
amorphous germanium layer, the already formed amorphous
germanium layer 1s also exposed to the hydrogen source
and/or to the non-reactive gas source.

According to still another particular embodiment, the
invention provides a method for forming a crystalline germa-
nium layer on a base substrate, the method comprising:

a. obtaining a base substrate having a surface, e.g. crystal-
line surface, and cleaning the base substrate for remov-
ing contaminants and/or oxides from the surface;

b. providing a layer of amorphous germanium on the base
substrate while exposing the base substrate to a hydro-
gen source such as e.g. a hydrogen plasma, a H, tlux, or
hydrogen from dissociation of GeH_; and

c. applying a temperature anneal to said layer of amor-
phous germanium such that the layer of amorphous ger-
manium crystallises into a crystalline layer.

According to these embodiments, the temperature anneal
may or may not be performed 1n an atmosphere comprising,
nitrogen.

Upon exposing the base substrate to the hydrogen source
during deposition of the amorphous germanium layer, the
already formed amorphous germanium layer 1s also exposed
to the hydrogen source.
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According to a further particular embodiment, the mven-
tion provides a method for forming a crystalline germanium
layer on a base substrate, the method comprising:

a. obtaining a base substrate having a surface, e.g. crystal-
line surface, and cleaning the base substrate for remov-
ing contaminants and/or oxides from the surface;

d. providing a layer of amorphous germanium on the base
substrate while exposing the base substrate to a non-
reactive gas source such as N,, He, Ne, Ar, Kr, Xe, Rn or
mixtures thereof; and

¢. applying a temperature anneal to said layer ol amor-
phous germanium such that the layer of amorphous ger-
manium crystallises into a crystalline layer.

According to these embodiments, the temperature anneal
may or may not be performed 1n an atmosphere comprising
nitrogen.

Upon exposing the base substrate to the non-reactive gas
source during deposition of the amorphous germanium layer,
the already formed amorphous germanium layer 1s also
exposed to the non-reactive gas source.

According to embodiments of the invention, the base sub-
strate may comprise or consist of any suitable material or
combination of materials. In certain embodiments, this base
substrate may comprise or consist of a semiconductor sub-
strate such as e.g. a doped or undoped silicon substrate, a
gallium arsenide substrate (GaAs), a gallium arsenide phos-
phide substrate (GaAsP), an indium phosphide substrate
(InP) or a silicon germanium (S1Ge) on silicon substrate, a
germanium substrate, or a silicon substrate. Also group I1I-
nitrides grown on Sapphire or S1, such as e.g. GaN on Sap-
phire or GaN on S1, with one or more interlayers, such as e.g.
MN, may be used as base substrate. The base substrate may
also comprise an insulating layer such as for example S102 or
an S13N4 layer 1n addition to a semiconductor substrate por-
tion. The base substrate may comprise or consist of silicon-
on-glass, silicon-on sapphire substrates. The base substrate
may be any other base on which alayer 1s formed, for example
a glass, plastic or metal layer or substrate. The base substrate
can be a composite substrate comprising a combination of
maternials, for example 1n the form of a layered structure
wherein each layer corresponds to a different material.

The base substrate should be chosen such that 1t can with-
stand the process. For example, 1t should be chosen such that
it will not interact or not negatively interfere with the forma-
tion or production technique of the layer of amorphous mate-
rial. It should be chosen such that it can withstand the tem-
perature anneal.

The front surface of the base substrate 1s defined as the
surface on which the layer of amorphous material 1s pro-
duced. The front surface may be the surface of an amorphous
layer, but preferably the front surface may be the surface of a
crystalline layer.

In advantageous embodiments, the base substrate may
comprise a porous front surface. The base substrate can for
instance be a silicon substrate on or 1n which a porous front
layer 1s formed. A porous layer can be formed 1n the front
surface of a silicon substrate by for instance using state of the
art techniques as for instance anodization 1n a HF solution.

The amorphous material comprises Germanium. It can
comprise more than 90%, more than 95%, more than 96%,
more than 97%, more than 98%, more than 99%, more than
99.9%, more than 99.99% of germanium. It may consist of
Germanium. It 1s believed that small concentrations of other
clements may be present and will not substantially affect the
process according to embodiments of the present invention.
In certain embodiments an amount of less than 10%, or less
than 8%, or less than 5%, or less than 3%, or less than 2% or
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less than 1%, or less than 0.1%, or less than 0.01% of silicon
can be present. The resulting crystalline layer 1s then believed
to comprise S1Ge. Certain impurities may be present without
alfecting the process substantially. These may be present for
instance in an amount smaller than 0.1% or smaller then

0.01%.

According to embodiments of the invention, the base sub-
strate may at least have a surface with hexagonal or six-fold
symmetry. In certain embodiments the base substrate may be
a (111) oniented substrate. Also off-cut (111) substrates can
be used, 1.e. off-oniented (111) or talted (111) substrates. The

off-cut angle may be between 0° and 15°, or between 2° and
10°, between 4° and 8°, or between 4° and 6°, such as for
example 2°, 4°, 5°, 6°, 8°.

According to other embodiments a substrate can be used
wherein only a part of the surface 1s S1 with a hexagonal
symmetry. This can for example be obtained by the depo s1tion
of an extra layer on S1 (111) with or without off-cut and
etching holes 1n the extra layer such as to expose the Si1(111)
at certain locations. The substrate can be patterned, for
example a S1 STI (Shallow Trench Isolation) waifer. This
allows to realise crystalline Ge only at the locations where
there 1s S1 with a hexagonal symmetry, e.g. S1(111).

In other embodiments the base substrate 1s a (001) orlented
substrate. Also off-cut (001) substrates can be used, 1.e. ofl-
oriented (001) or tilted (001) substrates. The off-cut angle
may be between 0° and 15°, or between 2° and 10°, between
4° and 8°, or between 4° and 6°, such as for example 2°, 4°, 5°,
6°, 8°.

Thebase substrate may beaGe(111),aGe (001),aS1(111),
a S1(001), a GaAs(111) or a GaAs(001) substrate.

It 1s believed that the orientation of the crystallised layer
will be determined at least 1n part by the orientation of the
base substrate. In certain embodiments the crystallised layer
will have the same orientation as the underlying base sub-
strate. This will be the case for instance whereaGe(111), a Ge
(001), a S1(111), a S1(001), a GaAs(111) or a GaAs(001)
substrate 1s used.

In particular embodiments the mismatch 1n lattice constant
between the base substrate, or 1n case of a composite sub-
strate, the front surface of the base substrate, and the crystal-
lized layer, may be smaller than 10%, or smaller than 5%, or
smaller than 4% or smaller than 3% or smaller than 2% or
smaller than 1% or smaller than 0.5%. The lattice constant of
the crystallised layer used here 1s the would-be lattice con-
stant 11 the layer would have been formed freestanding.

For instance Ge and GaAs have a 0.4% lattice mismatch
and provide a good crystal quality of the crystallised layer.
Another example 1s Ge and S1(111), which have a lattice
mismatch of about 4%, and which provide comparable qual-
ity to a crystallised amorphous Ge layer on GaAs(001). The
latter result 1s rather unexpected.

In particular embodiments the mismatch in Thermal
expansion coellicient (TEC) between the base substrate, or in
case of a composite substrate, the front surface of the base
substrate, and the crystallised layer 1s smaller than 100% or
smaller then 75% or smaller then 60%. The TEC of the
crystallised layer used here 1s the would-be TEC 11 the layer
would have been formed free-standing.

According to particular embodiments of the invention, the
substrate may be a S1 substrate having at least a surface with
hexagonal or six-fold symmetry, e.g. a S1(111). In this case,
the present invention provides a method for providing a crys-
talline germanium layer on a S1 substrate having at least a
surface with hexagonal or six-fold symmetry, e.g. S1(111)
substrate, the method comprising:
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a. cleaning the Si1 substrate having at least a surface with
hexagonal or six-fold symmetry, e.g. a crystalline sur-
face with hexagonal or six-fold symmetry, such as e.g. a
S1(111) substrate, for removing contaminants and/or
native oxides from the surface;

b. providing an amorphous germanium layer on the surface
of the S1 substrate having at least a surface with hexago-
nal or six-fold symmetry, e.g. S1(111) substrate; and

c. crystallising the amorphous germamum layer by anneal-
ing the base substrate so as to provide a crystalline
germanium layer.

According to these embodiments, the S1 substrate having at
least a surface with hexagonal or six-fold symmetry, e.g.
S1(111) substrate may or may not be exposed to a hydrogen
source (e.g. a plasma, H, flux, or from dissociation of GeH,)
and/or to a non-reactive gas source (e.g. N,, He, Ne, Ar, K,
Xe, Rn or mixtures thereof) during formation of the amor-
phous germanium layer.

According to these embodiments, crystallising the amor-
phous germanium layer by annealing may or may not be
performed 1n an atmosphere comprising nitrogen.

For example, according to embodiments of the invention,
substrates with at least a surface comprising S1 with a six-fold
or hexagonal symmetry can be used, such as Si(111) sub-
strates or off-cut S1(111), 1.e. off-oriented S1(111) or tilted
S1(111). The off-cut angle may be between 0° and 15°, for
example between 2° and 10°, between 4° and 8°, or between
4° and 6°, such as for example 2°, 4°, 4.7°, 6°, 8°. The S1 may
also be doped with suitable dopants.

According to other embodiments, the substrate may com-
prise a S1 support comprising a top layer of S1 with hexagonal
symmetry at least at the surface on top of other substrates (for
example S1C) can be used. With top layer 1s meant a layer at
that side of the bulk the crystalline Ge layer has to be formed.
The top layer of S1 may for example be a S1(111) top layer or
Off-cut or tilted S1(111) top layer. For example a SiC sub-
strate with a S1 top layer, the S1(111) top layer having a
hexagonal or six-fold symmetry may be used as a substrate
according to embodiments of the invention.

The layer of amorphous material, e.g. amorphous germa-
nium 1s formed while exposing the base substrate to a hydro-
gen source and/or to a non-reactive gas source such as NZ,, He,
Ne, Ar, Kr, Xe, Rn or mixtures thereof. Upon exposing the
base substrate to the hydrogen source and/or to the non-
reactive gas source during deposition of the amorphous ger-
mamum layer, the already formed amorphous germanium
layer 1s also exposed to the hydrogen source and/or to the
non-reactive gas source. As a result, the resulting amorphous
germanium layer may comprise hydrogen and/or non-reac-
tive gas molecules.

In case of exposure of the base substrate to a hydrogen
source during formation of the amorphous germanium layer,
according to embodiments of the mvention, an amount of
hydrogen can be present in the amorphous germanium layer
of, for example, less than 20%. The amount of hydrogen
atoms in the layer can for example vary between 4.10''H
atoms/cm> and 8.10°° (=20%) H atoms/cm” or between
4.10''H atoms/cm” and 4.10°'H atoms/cm” or between
4.10""H atoms/cm” and 4.10°°H atoms/cm”. The hydrogen
source may, for example, be a hydrogen plasma, a H2 flux or
may comprise hydrogen originating from the dissociation of
GeH,. The amorphous layer of germanium may comprise H
in the form of H, or as Ge—H bonds. Integration of H can be
achieved by using for instance Plasma Enhanced Chemical
Vapour Deposition (PECVD) i which GeH, 1s used as a
precursor gas, PECVD layers can be deposited at for instance
about 200° C., about 300° C., about 400° C., but lower and
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higher temperatures are not excluded. The presence of hydro-
gen during formation of the a-Ge layer 1s important to obtain
a good structure which may give rise to good crystallisation of
the a-Ge layer and thus for good formation of the crystalline
Ge layer. The cleaning step performed for removing contami-
nants and/or native oxides from the surface before an a-Ge
layer 1s providing on that substrate causes the subsequently
deposited a-Ge layer to be 1n direct contact with the crystal-
line surface of the base substrate. Formation of a Ge layer
onto the clean substrate would lead to a polycrystalline Ge
layer 1nstead of an a-Ge layer because the underlying crys-
talline surface will force the increase of the short range order
of the thin germanium layer. However, by exposing the silicon
surface to a gas which lowers the surface mobility of the

deposited Ge atoms such as hydrogen and/or a non-reactive
gas such as e.g. N,, He, Ne, Ar, Kr, Xe, Rn or mixtures
thereol, the short range order will be reduced which results in
formation of an a-Ge layer rather than a polycrystalline one.

The a-Ga layer may be formed by e.g. chemical vapour

deposition (CVD), e.g. plasma enhanced CVD (PECVD).

Alternatively, evaporation techniques known to the skilled
person can be used to form the layer of amorphous material.
Such evaporation techniques comprise for instance Molecu-
lar Beam Epitaxy (MBE), wherein Ge 1s thermally evapo-
rated. A H,, flux towards the front surface of the base substrate
may be provided to incorporate hydrogen. A hydrogen
plasma source can also be used. This can be performed at a
temperature between —196° C. and 500° C., for example
between —100° C. and 400° C., between 100° C. and 400° C.
or between 0° C. and 300° C., for instance at about 150° C.
Too high temperatures, e.g. higher than 650° C. or 550° C.,
may lead to more polycrystalline deposition. Polycrystalline
deposition 1s not preferred, because 1t requires much higher
temperature to change a polycrystalline structure 1into a crys-
talline structure than crystallisation of an amorphous layer.

It should be understood that the presence of H and/or of a
non-reactive gas during deposition of amorphous material 1s
preferred because 1t provides layers of higher quality.
Thereby H can be incorporated into the amorphous Ge layer,
depending on the deposition method and the deposition con-
ditions used. The non-reactive gas atoms are expected not to
incorporate or mcorporate i low amounts (less than 4el’7/
atoms/cm3).

In case of H, the amount of hydrogen included 1n the Ge
layer depends on the deposition method and on the amount of
hydrogen that 1s present during deposition. The amount of
hydrogen atoms 1n the layer can for example vary between
4.10""H atoms/cm” and 8.10** (20%) H atoms/cm’ or
4.10""H atoms/cm® and 4.10°'H atoms/cm” or between
4.10""H atoms/cm” and 4.10°°H atoms/cm’. In certain
embodiments the layer of amorphous material 1s further pro-
vided with a dopant material as was described above, such
that after crystallisation the layer 1s p doped or n doped.
According to embodiments of the invention, provision, e.g.
implantation of the dopant elements may be performed dur-
ing formation of the layer of amorphous material. According
to other embodiments of the invention, provision, e.g.
implantation of the dopant elements may be performed after
formation of the layer of amorphous material and before
crystallising the layer of amorphous material. For non-reac-
tive gases less than 4el7 atoms/cm” can be expected to be
incorporated. By exposing the base substrate to anon-reactive
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gas source while forming the amorphous germanium layer,
the amorphous germanium layer may or may not comprise
non-reactive gas atoms. In case when the amorphous germa-
nium layer comprises non-reactive gas atoms, however, the
amount of non-reactive gas atoms will be lower than 1n case
the base substrate 1s expose to a hydrogen source while form-
ing the amorphous germanium layer.

In case of a S1(111) substrate or a substrate having at least
a S1(111) surface, cleaning the S1(111) substrate for removing
contaminants and/or native oxides from the surface before
deposition of a germanium layer, causes the germanium layer
to be 1 direct contact with the crystalline Si(111) surface.
Deposition of germanium onto such clean Si(111) substrates
ate.g. 150° C. leads to polycrystalline germanium instead of
amorphous germanium because the underlying crystalline
s1licon surface will force the increase of the short range order
of the thin germanium layer. Subsequent thermal annealing of

a polycrystalline sample will not lead to a single crystalline
germanium layer, because more energy 1s necessary to trans-
form a polycrystalline layer to a single crystalline layer com-
pared to an amorphous layer. By, during formation of the
germanium layer, exposing the silicon surface to a gas which
lowers the surface mobility of the deposited Ge atoms such as
hydrogen and/or a non-reactive gas such as e.g. N,, He, Ne,
Ar, Kr, Xe, Rn or mixtures thereolf, the short range order will
be reduced, resulting 1n formation of an amorphous Ge layer
rather than a polycrystalline one.

According to embodiments of the invention, the provision
ol a non-reactive gas can, for example, be done at a pressure
higher than or equal to 1e-5 torr, e.g. higher than or equal to
1e-4 torr, at an atomic or molecular flux 01 0.01 SCCM (cubic
centimeter per minute at STP) or more for a 2 inch water.

In case of hydrogen, active hydrogen (e.g. from a Hplasma
source) can also be used to reduce the mobility of the Ge
atoms. Active hydrogen will be incorporated in the amor-
phous germanium layer, but will then be released again dur-
ing subsequent crystallization.

Hence, amorphous Ge can be deposited on Si1(111) or
hexagonal S1 at, for example, 150° C. by exposing the sub-
strate to a H, and/or a non-reactive gas such as e.g. N, He, Ne,
Ar, Kr, Xe, Rn or mixtures thereot, during deposition. Sub-
sequent thermal annealing of the amorphous Ge layer will
then lead to single crystalline germanium.

For e.g. a S1(001) substrate the surface mobility of Ge
needs to be further reduced compared to S1(111). This can be
done by, during deposition of the germanium layer, further
reducing the deposition temperature, for example by cooling
a sample holder on which the substrate 1s provided with e.g.
liquid nitrogen (77K) during deposition. Another possibility
1s to increase the gas pressure or flux during evaporation,
which reduce the surface mobility of the Ge atoms.

The method may furthermore comprise providing, e.g.
implanting dopant elements 1n the amorphous germanium
layer. Providing, e.g. implanting dopant elements in the amor-
phous layer may have advantages over implantation in a crys-
talline layer. When dopant elements are provided 1n the crys-
talline layer, the crystalline layer will suifer from channel
elfects and will also require an extra annealing step to remove
implantation damage. Performing the provision, ¢.g. implan-
tation of dopant elements before crystallisation allows omit-
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ting the activation anneal and limit the thermal budget
because the crystallisation anneal requires less high tempera-
ture.

The layer of amorphous material may have a thickness
within a range defined between a lower value and an upper
value. The lower value can be 0.3 nm, 1.5 nm, 5 nm, 10 nm,
50 nm, 100 nm. The upper value can be 100 nm, 200 nm, 300
nm, 400 nm, 500 nm, 1 micron, 1.5 micron, 2 micron. It 1s
believed that layers of amorphous material with a thickness of
2 micron can completely be crystallised.

The temperature anneal used during annealing of the base
substrate during crystallising the layer of amorphous material
may be such that the base substrate and the crystallised layer
are not negatively affected by it. It should thus be not higher
than the melting point of Ge 1n case of an amorphous layer
consisting of pure Germanium.

In particular embodiments the Ge surface may be exposed
to a mitrogen gas flow during crystallising the amorphous
layer of germanium. The nitrogen gas may comprise N-con-
taining molecules. Examples are N, gas or ammonia (NH;).
These molecules are relatively stable. As nitrogen gas mol-
ecules (such as N, or NH,) are relatively stable the nitrogen
molecules from the nitrogen gas tlow can be split into atomic
nitrogen atoms. This can be done 1n a plasma or by thermally
cracking in front of the substrate, for example by using high
substrate temperatures, or 1 a plasma cell. Cracking of N,
may be done 1n a plasma and cracking of NH; may be done by
thermally cracking in front of the substrate, for example by
using high substrate temperatures or a heating filament, or by
cracking 1n a plasma cell. To form atomic nitrogen able to
react with the a-Ge to form a GeN either a temperature above
500° C. can be used or a plasma can be used.

In particular embodiments the nitrogen atmosphere may
comprise N, N, or respective 1ons. It may further comprise
forming gases as known to the skilled person.

In alternative embodiments the atmosphere may comprise
NH,;.

Performing crystallisation of the amorphous germanium
layer under nitrogen atmosphere results 1n an additional GeN
layer formed on top of the crystalline layer, even at very low
temperatures such as e.g. 0° C. The plasma can for instance
be, but 1s not limited to, a N plasma, NH; plasma or an N+ Ar
plasma. The temperature anneal may be performed above
400° C., or above 480° C. It may be performed below 940° C.
or below 800° C. or below 730° C. The pressure can for
instance be about 10~ mbar. It may be between 10~ mbar
and 10~ mbar or between 107° mbar and 10~* mbar. The
nitrogen tlow may be within the range of 0.1 sccm and 10
sccm, for mstance about 1.2 sccm. The RF power may be
between 100 W and 1000 W, or between 200 W and 500 W.
The duration of the anneal depends at least in part on the
temperature of the anneal. At 450° C. it takes for instance 3
minutes (3') to crystallise a 12 nm thick Germanium layer. By
using pulsed heating for instance by means of a flash lamp 1
second can sullice. The duration may therefore be between 1
second (1") and 24 hours, for example between 1 minute (1')
and 1 hour.

In other embodiments the atmosphere does not comprise a
nitrogen plasma, but may comprise NH,. The temperature

anneal may be performed at temperatures between 400° C.
and 940° C. or between 400° C. and 850° C. or between 550°
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C. and 850° C. For temperatures larger than about 450° C. an
additional GeN layer 1s formed on top of the crystallised
layer, and the formation speed of such GeN layer increases
when going to higher anneal temperatures. Below about 450°
C. this 1s less or not the case. The pressure may be between
10"-3 mbar and 2000 mbar or between 50 mbar and 200 mbar.
The nitrogen flow may be within the range of 100 sccm to
10000 sccm, or within the range of 3000 sccm to 5000 scem.
The duration of the anneal depends at least 1n part on the
temperature of the anneal. The duration may therefore be
between 1 second (1") and 24 hours, for example between 1
minute (1') and 1 hour.

In other embodiments the atmosphere does not comprise a
nitrogen plasma but 1t may comprise N,. The temperature
anneal may be performed at temperatures between 400° C.
and 940° C. or between 400° C. and 850° C. or between 550°
C. and 850° C. For temperatures larger than about 550° C. or
larger than about 600° C. an additional GeN layer 1s formed
on top of the crystallised layer. Below about 550° C. this 1s
less or not the case. The pressure may be larger than 10~
mbar. The pressure may be between 10~ mbar and 100 bar or
between 10 mbar and 1000 mbar. The duration of the anneal
depends at least in part on the temperature of the anneal. The
duration may therefore be between 1 second (1") and 24
hours, for example between 1 minute (1') and 1 hour.

In other embodiments the atmosphere does not comprise a
nitrogen plasma or any other nitrogen source as described
above, and the temperature anneal to crystallise the amor-
phous germanium layer may be performed below 550° C.
Here the layer 1s crystallised but no additional layer of GeN 1s
formed on top of the crystalline layer.

The embodiments in which an additional GeN layer 1s
formed show a smaller RMS roughness of the crystallised
layer than the embodiments where no such layer 1s formed. In
other words, embodiments where crystallisation of the amor-
phous germanium layer 1s performed under nitrogen atmo-
sphere show a smaller RMS roughness of the crystallised
layer than the embodiments where crystallisation was not
performed under nitrogen atmosphere.

After having formed the crystallised layer as for instance
the crystallised Ge layer, in embodiments wherein a GeN
layer 1s also formed, a group 11I-V matenial, e.g. a I1I-Nitride
[11I-N] layer can be produced as for instance grown on top of
that GeN layer. Such III-N layer can, for example, be GaN.

After having formed the crystallised layer as for instance
the crystallised Ge layer, in embodiments wherein no GeN
layer 1s also formed, an appropriate 111-V material layer, for
example IlI-nitride layer can be produced as for instance
grown on top of said Ge layer.

It has been shown that in embodiments wherein the forma-
tion of a GeN layer on top of the crystallised layer occurs, 1.¢.
in embodiments where crystallisation of the amorphous ger-
mamum layer 1s performed under nitrogen atmosphere, the
surface roughness of the front surface of the crystalline layer
formed 1s typically better (RMS roughness below 1.5 nm)
than when such GeN layer has not been formed, or 1n other
words when crystallisation of the amorphous germanium
layer 1s not performed under nitrogen atmosphere (e.g.
vacuum anneal without plasma and at a temperature around

750° C. resulted 1n a RMS roughness of 4.5 nm). It 1s thus
believed that the formation o1 GeN, and thus crystallisation of
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the amorphous germanium layer under nitrogen atmosphere,
reduces the front surface roughness of the crystallised layer.
Growth of crystalline material on top of a smooth surface
leads to better crystal quality than on rough surfaces. Also for
processing, flat surfaces are preferred over rough surfaces, °
because processing of flat surfaces is easier.

In certain embodiments, wherein a GeN layer 1s formed on
top of said crystalline layer, 1.e. where crystallisation of the
amorphous germanium layer 1s performed under nitrogen
atmosphere, an additional GeN removal process can be
applied to remove such GeN layer, after which an appropriate
additional III-V material can be produced as for instance
grown on top of said Ge layer.

The growth of the extra I1I-V material can for instance but
not only be performed by MOCVD (metal-organic chemical
vapour deposition). It can be an epitaxial growth.

In certain embodiments wherein an extra GeN layer 1s
formed on top of the crystalline layer during the temperature
anneal (or shorter “anneal”) a contact structure may be pro- »g
duced on top of this GeN layer.

According to embodiments of the invention, the method
may furthermore comprise, after crystallising the amorphous
germanium layer and thus after formation of the crystalline
germamum layer, thickening the crystalline germanium 25
layer. This may, for example, be done by CSVT (Close Space
Vapour Transport).

The present invention also provides a method for forming,
a photovoltaic cell. The method comprises forming a crystal-
line germanium layer on a base substrate, the crystalline
germanium layer being formed by a method according to
embodiments of the invention. Standard solar cell processing
techniques known to the skilled person can be applied to
achieve this. According to embodiments of the invention, the
crystalline germanium layer may be a monocrystalline ger-
manium layer.

The present invention also provides a method for forming
a photo-electrolysis cell. The method comprises forming a
crystalline germanium layer on a base substrate, the crystal- 4
line germanium layer being formed by a method according to
embodiments of the invention. According to embodiments of
the invention, the crystalline germanium layer may be a
monocrystalline germanium layer.

The present invention furthermore provides a method for 45
the production of a CMOS device, comprising forming a
crystalline germanium layer on a base substrate, the crystal-
line germanium layer being formed by a method according to
embodiments of the mvention. Standard CMOS processing
techniques known to the skilled person can be applied to
achieve this. According to embodiments of the invention, the
crystalline germanium layer may be a monocrystalline ger-
manium layer.

Hereinatiter, some examples will be discussed. It has to be
understood that these examples are only intended for expla-
nation and illustration purposes and that they are not intended
to limit the mvention 1n any way.

EXAMPLES AND TEST RESULILS
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Crystallisation of Amorphous Ge, Deposited by
PECVD on S1

Example N357

63
For this example, S1(111) substrates were chemically

cleaned to remove metal contamination, particles and native

20

oxides. Hereafter a ~50 nm thick a-Ge (amorphous Ge) was
deposited by PECVD on the Si(111) substrates. Then, the
substrates were annealed 1n vacuum at a ~le-8 torr back-

ground pressure and at a temperature of ~750° C.

From the results obtained from these experiments 1t was
found that after deposition, the Ge was amorphous (according
to the RHEED (Reflection High Energy Electron Difiraction)

measurements). The RHEED results showed streaks during

annealing at a temperature of ~450° C.

XRD (X-Ray Diffraction) measurements showed a difirac-

tion peak, originating from crystalline Ge, with a omega/
2theta FWHM of 506 arc seconds.

As a conclusion of this experiment it can be said that a-Ge
can be formed by PECVD on S1(111) substrates. This a-Ge
can be crystallised when annealed at suificiently high tem-
perature. It was furthermore found that it was possible to
crystallise a 350 nm thick a-Ge. PECVD deposited a-Ge
becomes crystalline at ~450° C.

Nitrogen Plasma Anneal

Example N362

This experiment was similar to the previous experiment,
1.e. example N357, except that now 1nstead of annealing 1n
vacuum, annealing was now performed under N plasma at
~750° C. (~2e-5 torr background pressure).

The Ge peak observed by XRD measurements showed
higher intensity than for example N357, indicating better

crystal quality 1n case of the present example. The FWHM
(full wadth at half maximum ) was found to be smaller than for
example N357: 382 arc seconds (506 arc seconds for example
N3357), which also indicates better crystal quality 1n case of
the present example. The XRD rocking curve FWHM was
4’71 arc seconds for the present example and was 665 arc
seconds for example N357, which also indicates better crystal
quality 1n case of the present example.

FIG. 1 shows an XRD Omega/2theta scan a 50 nm thick

crystallised germanium layer on Si(111) comparing the
present example with example N357. The solid line shows the
result for the present example while the triangles show the
result for example N357.

Fringes are visible in the XRD omega/2theta scan, indicat-
ing good interfacial quality between Ge and Si1. The XRD
omega/2theta Ge peak 1s, 1n case of example N357, shifted to
the right with respect to the XRD omega/2theta Ge peak for
the present example. Apparently the Ge mixes with the Si
when no plasma 1s applied, and S1Ge 1s formed. The surface
roughness for the present example 1s 1.5 nm 1n case of the
present example, istead of 4.5 nm for example N337.

It can be concluded that annealing under nitrogen atmo-
sphere, 1n the example given N plasma, leads to better crystal
quality and to a smoother surfaces than when no nitrogen
atmosphere 1s used, 1.e. when annealing 1s performed 1n
vacuum. S1Ge formation 1s apparently suppressed when
annealing under nitrogen atmosphere, i the example given
Nitrogen plasma.
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Nitrogen Plasma Anneal of a-Ge Layer without
Hydrogen

Example N371

S1(111) substrates were chemically cleaned to remove
metal contamination, particles and native oxides. Thereatfter a
~12 nm thick a-Ge was deposited 1n a vacuum system. No
hydrogen was added.

Annealing was performed 1 vacuum (~5e-9 torr back-
ground pressure), at a temperature of ~750° C.

Example N373

Example N373 1s similar as example N371, except that in
the present case annealing was done under N plasma (-2e-5
torr background pressure), at ~750° C., mstead of under
vacuum.

XRD omega/2theta measurements did not show a Ge dii-
fraction peak for the sample which recerved an anneal without
N plasma (example N371). For the present example (example
N373) there was a Ge diffraction peak visible. From this it can
be concluded that the crystal quality 1s less good than for a-Ge
which contains hydrogen. From the above experiments, 1t can
be concluded that anneal under nitrogen (e.g. N plasma)
improves crystallisation of a-Ge. The crystal quality 1s less
good than for a-Ge which contains hydrogen (see further).

NH3 Anneal

Example MOCYV Dtest0035

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereafter
the substrate was immediately loaded 1nto a vacuum system.

Name

NSG33-
ASRTAI
NSG33-
ASRTA?

The substrate was degassed. A 58 nm thick Ge layer was
deposited at ~150° C. by thermal evaporation of a Ge source.
During deposition a H, flux of 0.6 sccm was directed to the
substrate, so that hydrogen could be incorporated into the
layer. The background pressure was around ~1e-4 torr.

Annealing was performed under NH, atmosphere (pres-
sure of 100 torr and 6-7 standard liter per minute) at 650° C.
for 5 minutes.

XRD omega/2theta measurement showed a Ge diffraction
peak. The XRD rocking curve FWHM was 298 arc seconds.

From this example 1t can be concluded that good crystal-
lisation of a-Ge on Si1(111) can be obtained by annealing at

650° C. under NH, flow.
N2 Atmosphere Anneal

Example N499-Al

A Si1(111) substrate was chemically cleaning to remove
metal contamination, particles and native oxides. Thereafter
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the substrate was immediately loaded 1nto a vacuum system.
The substrate was degassed. A 58 nm thick Ge layer was
deposited at ~150° C. by thermal evaporation of a Ge source.
During deposition a H, flux of 0.6 sccm was directed to the
substrate, so that hydrogen could be incorporated into the
layer. The background pressure was around ~1e-4 torr.

Annealing was performed under N, atmosphere, 600° C.
for 1 minute.

XRD omega/2theta measurement showed a Ge diffraction
peak. The XRD rocking curve FWHM was 287 arc seconds.

The surface roughness from XRR (X-Ray Reflectivity)
was found to be 0.8 nm.

From this example 1t can be concluded that crystallisation
of a-Ge on S1 can be obtained by annealing at 600° C. under
N, atmosphere.

Different Annealing Times

Example NSG33-ASRTA1

A S1(111) substrate was chemically cleaned to remove

metal contamination, particles and native oxides. Thereatfter a
~110 nm thick n-doped a-Ge on Si1(111) was deposited by
PECVD.

Annealing was performed by fast ramp to 600° C., anneal-
ing at 600° C. during 1 minute.

Example NSG33-ASRTA2

The present example was similar to NSG33-ASRTAL,
except for the annealing. In the present example, annealing
was performed by slow ramp to 600° C. 1n ten minutes,
annealing at 600° C. during 1 minute.

A comparison between example NSG33-ASRTA1 and
NSG33-ASRTA2 1s shown in the table hereunder.

Ge omega/ Ge rocking Surface Interface
2theta FWHM  curve FWHM  Thickness roughness roughness
Ramp (arc sec.) (arc sec.) (nm) (nm) (nm)
Fast 139 146 111 0.7 1.2
Slow 140 161 113 0.9 1.5
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From the above examples, 1t can be concluded that anneal-
ing can be performed with slow and with fast ramping to the

maximum annealing temperature.

A XRD rocking curve FWHM of 146 arc seconds has been
obtained, with a surface roughness of 0.7 nm for a 110 nm
thick Ge layer.

P-Doping
Example N375

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereatter a
91 nm thick a-Ge layer was deposited by PECVD on the
S1(111) substrate. B,H, was added to the plasma, so that the
a-Ge layer formed contained B.

Annealing was performed in vacuum under nitrogen
plasma (~2e-35 torr background pressure) at ~650° C.
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From Tencor a 913 Ohm/square sheet resistance was mea-
sured.

HALL measurements revealed a 857 Ohm/square sheet
resistance, p-type doping, 5.4e18 carriers/cm” and a mobility
of 149 cm2/Vs.

It can be concluded that p-type crystalline Ge can be
obtained by crystallisation of a-Ge as described above. 5.4
e18 holes/cm” and a mobility of 149 cm?/Vs was obtained.

This example shows that a 91 nm thick a-Ge can be crystal- 10

lised using a method according to embodiments of the present
invention.

N-Doping Ny

Example N391

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereatfter a
91 nm thick a-Ge layer was deposited by PECVD on the
S1(111) substrate. PH, was added to the plasma, so that the
resulting a-Ge layer contained P. Annealing was performed in
vacuum under nitrogen plasma (background pressure of
~2¢-35 torr) at a temperature of ~750° C.

HALL measurements showed 2373 Ohm/square sheet
resistance, n-type doping, 9.2el7 carriers/cm” and a mobility
of 318 cm?/Vs.

This example shows that an n-type crystalline Ge layer can
be obtained by crystallisation of a-Ge as described above. A 3
crystalline Ge layer with 9.2 €18 holes/cm” and a mobility of
318 ¢cm*/Vs can obtained by using a method according to
embodiments of the mnvention.
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Influence of Hydrogen

Example N499-A1

A S1(111) substrate was chemically cleaned to remove 4
metal contamination, particles and native oxides. Thereafter
the substrate was immediately loaded 1nto a vacuum system.

24

A good Ge peak was observed for example N499-A1. A
small peak was observed for the present example (NS01-Al).
The XRD rocking curve FWHM for example N499-A1 was
found to be 287 arc seconds, while 1t was found to be 958 arc
seconds for the present example (NSO1-Al).

FIG. 2 shows an XRD Omega/2theta scan of a crystallised
a-Ge layer on S1(111) with (solid line, example N499-A1))
and without (triangles, example N501-A1l)) hydrogen being
present 1n the a-Ge layer.

The surface roughness 1s comparable for both examples
and was found to be around 0.8 nm.

From these examples it can be concluded that directing a
H, flux onto a sample while depositing a-Ge leads to incor-
poration of Hydrogen in the a-Ge layer formed. Amorphous
Ge comprising hydrogen significantly improves the results
alter crystallisation.

Comparison of Two H2 Fluxes
Example N325-Al

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereafter
the substrate was immediately loaded 1nto a vacuum system.
The substrate was degassed. A ~60 nm thick Ge was depos-
ited at ~1350° C. by thermal evaporation of a Ge source. Belore
deposition the substrate was heated to a temperature of ~750°
C. during which a 0.6 sccm H, flux was directed to the sub-
strate. During deposition a H, flux of 0.6 sccm was directed to
the substrate. The background pressure was around ~1e-4
torr. Annealing was performed under N, atmosphere, 600° C.
for 1 minute.

Example N326-Al

The present example 1s stmilar to example N325-Al, but
with a 0.3 sccm H, flux (~5e-5 torr background pressure)
instead of 0.6 sccm H, flux (~1e-4 torr background pressure)

XRD and XRR measurements are shown in the table her-
ebelow.

Ge omega/ Ge rocking Surface Interface
H2 flux 2theta FWHM  curve FWHM  Thickness roughness roughness
Name (sccm) (arc sec.) (arc sec.) (nm) (nm) (nm)
N525-Al 0.6 243 259 61 0.7 0.8
N526-Al 0.3 239 259 62 0.6 0.8

The substrate was degassed. A 58 nm thick Ge was deposited
at ~150° C. by thermal evaporation of a Ge source. During
deposition a H, flux of 0.6 sccm was directed to the substrate,

so that hydrogen was present during deposition of the amor-
phous Ge layer. The background pressure was around ~1¢e-4
torr. Annealing was performed under N, atmosphere, 600° C.
for 1 minute.

55

Example N501-Al 60

The present example 1s similar to example N499-Al,
except that 1n the present example no H, flow was used during
deposition of Ge. The background pressure was around ~1¢-9 o5
torr. Annealing was performed under N, atmosphere, at a

temperature of 600° C. for 1 minute.

From these examples it can be concluded that different H,
fluxes can be used with a method according to embodiments
of the present invention. The use ot a 0.3 sccm H,, flux appears
to lead to a same quality of crystalline layers as theuse ofa 0.6

sccm H, flux.
Different Ge Thicknesses

Example N360

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereatter a
12 nm thick a-Ge was deposited by PECVD on the Si(111)
substrate. Annealing was performed 1n vacuum under nitro-

gen plasma (background pressure of ~2¢-35 torr) at a tempera-
ture of ~750° C.
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XRD and RHEED measurements showed crystallisation of

the 12 nm thick a-Ge layer. Layers with other thicknesses
were also crystallised.

FIG. 3 shows an XRD omega/2theta scan for crystallised
Ge layer with different thicknesses. Solid line: 91 nm (ex-
ample N373), triangles: 49 nm (example N362) and circles:
12 nm (example N360).

An other experiment showed crystallisation of 5.5 nm a-Ge
on S1(111) substrates.

5
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Annealing was performed in vacuum under nitrogen plasma
(background pressure of ~2e-35 torr), and at a temperature of

~750° C.
Example N392

Example N392 was performed under similar conditions as
example N391, but the substrate was now held at ~100° C.

during deposition, and an a-Ge layer was provided with a
thickness of 80 nm.

XRD and XRR measurements for both example N391 and
N392 are summarized 1n the table below.

Substrate Ge omega/ Ge rocking Surface Interface
temperature 2theta FWHM  curve FWHM  Thickness roughness roughness
Name (° C.) (arc sec.) (arc sec.) (nm) (nm) (nm)
N391 200 175 201 88.0 0.9 2.1
N392 100 195 212 80.0 0.9 2.5

It can be concluded that a-Ge layers with different thick-
nesses can be crystallised using a method according to
embodiments of the present invention. There does not seem to
exist an upper or lower limit. It has been shown that a-Ge
layers with a thickness of 5.5 nm, 12 nm, 49 nm, 60 nm, 91

25

nm, ~500 nm (see experiment on GaAs) can be crystallised

using a method according to embodiments of the present 20

invention.

Influence of N Plasma Power

Example N377 33

A Si1(111) substrate was chemically cleaned to remove

metal contamination, particles and native oxides. Thereatter a
~100 nm thick a-Ge layer was deposited by PECVD on the X0
S1(111) substrates. Annealing was performed 1 vacuum
under nitrogen plasma at ~2e-3 torr and at a temperature of

~7150° C. The plasma settings used were 1.2 sccm N, and 180

W RF (Radio Frequency) power.
45

Example N378

Example N378 was performed under similar conditions as

example N377, except that now a 500 W RF power was used 50
instead of 180 W,

From optical microscope measurements 1t 1s clear that the
surface of the present example (N378) 1s more flat than that of
example N377).

: : 55
It can be concluded that Increasing the Nitrogen content

(e.g. by increasing the RF power for a N plasma source),
improves the surface of the resulting crystalline Ge layer.

60

PECVD Deposition at Different Temperatures
Example N391

A S1(111) substrate was chemically cleaned to remove

metal contamination, particles and native oxides. Thereafter a
~88 nm thick a-Ge layer was deposited by PECVD on the
S1(111) substrates, at ~200° C. substrate temperature.

65

From the above 1t can be concluded that different deposi-

tion temperatures can be used for the PECVD deposition for
providing an a-Ge layer in a method according to embodi-
ments of the invention.

Ge Deposition Under H2 Flow at Different
lTemperatures

Example N326-Al

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereafter
the substrate was immediately loaded 1nto a vacuum system.

The substrate was degassed. A 61 nm thick Ge layer was
deposited at ~150° C. by thermal evaporation of a Ge source.
During deposition a H, tlux of 0.3 sccm was directed to the
substrate so that hydrogen was present during deposition of
the a-Ge layer. The background pressure was around ~1e-4
torr. Annealing was performed under N, atmosphere at a

temperature of 600° C. for 1 minute.

Example N527-A1

Example N527-A1 was similar to example N526-A1, but

now the deposition temperature was 300° C. instead of 150°
C.

Example N328-Al

Example N528-A1 was similar to example N526-A1, but

now the deposition temperature was 500° C. instead of 150°
C.

Example N330-Al

Example N530-A1 was similar to example N326-A1, but
now the deposition temperature was 0° C. mstead of 150° C.

XRD and XRR measurements for results of the above
examples are summarized 1n the table herebelow.
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Deposition

temperature Ge omega/ Gerocking  Thickness
Name (° C.) 2theta FIWHM  curve FWHM (nm)
N3526-Al 150° C. 239 259 62.3
N527-Al 300° C. 299 342 59.8
N3528-Al 500° C. 245 724 /
N530-Al 000° C. 346 331 58.6

It can be concluded that different deposition temperatures
can be used for the Ge deposition under H, flow with a
method according to embodiments of the mvention.

H, Clean
Example N499-Al

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereafter
the substrate was immediately loaded into a vacuum system.
The substrate was degassed. A 58 nm thick Ge layer was
deposited at ~150° C. by thermal evaporation of a Ge source.
During deposition a H, flux of 0.6 sccm was directed to the
substrate, so that hydrogen could be incorporated into the
layer. The background pressure was around ~le-4 torn
Annealing was performed under N, atmosphere at a tempera-
ture of 600° C. for 1 minute.

Example N525-A1

The present example was similar to example N499-A1, but
now belore deposition the substrate was heated to a tempera-
ture of ~750° C. during which a 0.6 sccm H,, flux was directed
to the substrate.

XRD and XRR measurements for the above examples are
summarized in the table herebelow.

H2 clean at

high Ge omega/ Ge rocking Thickness
Name temperature 2theta FIWHM  curve FWHM (nm)
N499-A1 No 290 287 57
N525-A1 Yes 243 259 61

It can be concluded that heating the S1 substrate 1n vacuum
under an H, flow can improve the crystal quality of the result-
ing crystalline Ge layer and can decrease the surface and
interface roughness.

Crystallisation on GaAs
Example N402

A GaAs(001) substrate was thermally cleaned to remove
native oxides. Thereafter a ~100 nm thick, p-doped, a-Ge
layer was deposited by PECVD. Annealing was performed 1n
vacuum under N plasma at a temperature of ~750° C. (~2e-5
torr background pressure)

RHEED measurements showed crystalline Ge after
annealing. From XRD measurements a 100 nm Ge peak was
difficult to distinguish because of the small lattice mismatch

between Ge and GaAs. Fringes were visible in the omega/

2theta scan, which mdicates good interfacial quality. HALL
measurements revealed 235 Ohm/square, p-type, 2¢19 holes/

cm’, 132 cm,/Vs.
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Example N402

A GaAs(001) substrate was thermally cleaned to remove
native oxides. Thereafter a ~500 nm thick, p-doped, a-Ge
layer was deposited by PECVD. Annealing was performed 1n

vacuum under N plasma at a temperature of ~500° C. (~2e-5
torr background pressure). RHEED experiments showed
crystalline Ge after annealing. From XRD measurements a
500 nm Ge peak was distinguished, despite the small lattice
mismatch with GaAs. The XRD rocking curve was found to
be 129 arc seconds. The surface of the crystalline Ge layer
looked quite flat, the measured roughness from XRR mea-
surements was found to be 2.2 nm. HALL measurements
revealed 41 Ohm/square, p-type doping, 1.5e19 holes/cm”,
204 cm*/Vs.
It can be concluded that:
a-Ge can be crystallised on GaAs substrates using a
method according to embodiments of the invention,
1.5e19 holes/cm3, 204 cm?2/Vs have been obtained,
~500 nm a-Ge can be crystallised using a method accord-
ing to embodiments of the present invention, and
(001) oriented substrates can be used for Ge crystallisation
using a method according to embodiments of the present
invention.
Crystallisation on Ge
The crystal quality of crystallised Ge on Ge substrates was
difficult to check, therefore GaN was grown on top of crys-

—
s

Roughness Roughness

surface interface
(nm) (nm)
0.8 1.0
0.7 0.8
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talline Ge layer. When 1s found to be GaN 1s crystalline, 1t
shows that the underlying crystallised Ge layer 1s of good
quality. This has been shown 1n experiment “GalN growth on
crystallised Ge” (see further).

It can be concluded that a-Ge can be crystallised on a Ge
substrate using a method according to embodiments of the
invention.

Crystallisation on S1{(001)

Example NSG49-A

A S1(001) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereatfter a
~500 nm thick, n-doped, a-Ge layer was deposited by
PECVD. Annealing was performed 1n N, atmosphere during
5 minutes at a temperature of 600° C.

The XRD omega/2theta scan showed a Ge(004) diffraction

peak, indicating the presence of crystalline Ge. The crystal
quality 1s (for the experiments done) lower than for crystalli-
sation on S1(111) (see above).
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This example shows that a-Ge can be crystallised on
S1(001) using a method according to embodiments of the
invention.

GalN Growth on Crystallised Ge
Example N403

A Ge(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereafter a
~100 nm thick, p-doped, a-Ge layer was deposited by
PECVD. Annealing was performed in vacuum under N
plasma during 5 minutes at a temperature of ~750° C. A ~100
nm thick GaN was then formed at a temperature of ~700° C.

XRD omega/2theta scan showed a GaN diffraction peak
with a FWHM value of 292 arc seconds.

FIG. 4 shows an XRD Omega/2theta scan of a 100 nm thick
GaN layer grown on a 100 nm thick crystallised a-Ge layer on
Ge (111). A clear GaN ditiraction peak 1s visible.

GaN XRD rocking curve showed a FWHM of 996 arc
seconds.

Example N403

A Si1(111) (4 degrees off cut) substrate was chemically
cleaned to remove metal contamination, particles and native
oxides. Thereatfter a ~100 nm thick, p-doped, a-Ge layer was
deposited by PECVD. Annealing was performed in vacuum
under N plasma during 5 minutes at a temperature o ~750° C.
Then a ~200 nm thick GaN layer was provided at a tempera-
ture of ~550° C.

XRD omega/2theta results showed a GaN diflraction peak
with a FWHM value of 295 arc seconds. The crystal quality 1s
lower than for GaN growth on Ge(111) substrates.

FIG. 5 shows an XRD Omega/2theta scan. A GaN diffrac-
tion peak 1s visible indicating crystalline GalN.

It can be concluded that crystalline GalN can be grown on
crystallised Ge on Ge(111) and on crystallised Ge on S1(111)
using a method according to embodiments of the invention.
The crystal quality 1s lower than on for GaN growth on
Ge(111) substrates.

This shows that a-Ge can be crystallised on a Ge substrate
using a method according to embodiments of the invention.

Ge Deposition at Nitrogen Gas Source Exposure
Example N727-Al

A S1(111) substrate was chemically cleaned to remove
metal contamination, particles and native oxides. Thereafter
the substrate was immediately loaded into a vacuum system.
The substrate was degassed. A 58 nm thick Ge layer was then
deposited at ~150° C. by thermal evaporation from a Ge
source. During deposition a N, flux ot 1.2 sccm was directed
to the substrate, so that N, was present during deposition of
the amorphous Ge layer. The background pressure during
deposition was around ~2.5¢-35 torr. In a next step, annealing
was performed under N, atmosphere at 600° C. for 1 minute.
The present example 1s similar to example N499-A1, except
that in the present example instead ofa H, flow an N, flow was
used during deposition of the Ge layer.

An XRD Omega/2 Theta scan of the present example
shows a Ge(111) diffraction peak of high intensity, indicating
Ge of high crystal quality 1s obtained with the same crystal
orientation as the S1 substrate (see FIG. 6, dotted line). The
XRD rocking curve FWHM {for the present example was
found to be 191 arc seconds, while 1t was found to be 958 arc

10

15

20

25

30

35

40

45

50

55

60

65

30

seconds for example N501-A1 (no N, flux during deposition)
and 287 arc seconds for example N499-A1 (deposition while
exposed to H, tlux), as was described above.

FIG. 6 compares the XRD Omega/2theta scan of the crys-
tallised a-Ge layer on S1(111) in which the amorphous Ge
layer was deposited while being exposed to nitrogen (dotted
line, present example), with a crystallised a-Ge layer on
S1(111) 1n which the amorphous Ge layer was deposited while
being exposed to hydrogen (solid line, example N499-Al
described above) and crystallised a-Ge layer on Si(111) 1n
which the amorphous Ge layer was deposited while not being
exposed to any gas (triangles, example N501-A1 described
above).

The surface roughness of the Ge layer formed according to
the present example was measured by X-ray reflectivity and
was found to be 0.4 nm. For examples N499-A1 and N3501-
Al the surface roughness was found to be around 0.8 nm. The
interface roughness of the Ge layer formed according to the
present example was measured by X-ray reflectivity and was
found to be 0.4 nm, where for examples N499-A1 and N301 -
Al 1t was found to be around 1.0 nm.

The presence of fringes 1n the XRD Omega/2 Theta scan
confirms that the Ge surface roughness and the roughness at
the S1—Ge terface 1s limited.

From this example 1t can be concluded that directing a N,
flux onto a sample while depositing an amorphous Ge layer
improves the crystal quality, Ge surface roughness and
S1—Ge 1nterface roughness after crystallization for the for-
mation of a crystalline Ge layer.

It1s to be understood that although preferred embodiments,
specific constructions and configurations, as well as materi-
als, have been discussed herein for devices according to the
present invention, various changes or modifications 1n form
and detail may be made without departing from the scope of
this invention as defined by the appended claims.

The invention claimed 1s:

1. A method for providing a monocrystalline germanium
layer on a base substrate having a crystalline surface, the
method comprising:

cleaning a base substrate, whereby at least one of contami-

nants or native oxides are removed from a surface of the
base substrate;

providing, by plasma-enhanced chemical vapor deposition

using a hydrogen source and a gas comprising germa-
nium, an exposed amorphous germanium layer on the
surface of the base substrate; and thereatter;

annealing the exposed amorphous germanium layer in con-

tact with a nitrogen atmosphere, whereby the exposed
amorphous germanium layer 1s converted into a monoc-
rystalline germanium layer having a GeN layer atop.

2. The method according to claim 1, wherein the base
substrate 1s a S1 substrate having at least a surface with hex-
agonal symmetry.

3. The method according to claim 1, wherein at least part of
the substrate has a S1 surface with hexagonal symmetry.

4. The method according to claim 3, wherein the substrate
1s a S1(111) substrate.

5. The method according to claim 1, wherein cleaning the
base substrate 1s performed by using HF or HF-gas.

6. The method according to claim 1, wherein the hydrogen
source 1s at least one of a hydrogen plasma, a H, flux or
hydrogen originating from dissociation of GeH,,.

7. The method according to claim 1, wherein, during the
step of providing, the base substrate 1s exposed to a non-
reactive gas selected from the group consisting oI N, He, Ne,
Ar, Kr, Xe, Rn, and mixtures thereof, wherein the non-reac-
tive gas lowers a mobility of germanium atoms on the surface
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of the exposed amorphous germanium layer so as to reduce a
short range order of germanium but not inhibit thermal crys-
tallization ol germanium, and wherein the exposed amor-
phous germanium layer comprises less than 4.10"” non-reac-
tive gas atoms/cm”.

8. The method according to claim 1, wherein providing the

amorphous germanium layer 1s performed at a temperature of
from -196° C. to 500° C.

9. The method according to claim 1, wherein the nitrogen
atmosphere comprises at least one of NH;, N, or a N plasma.

10. The method according to claim 1, further comprising
providing dopant elements 1n the exposed amorphous germa-
nium layer.

11. The method according to claim 10, wherein providing
dopant elements 1n the exposed amorphous germanium layer
1s performed during deposition of the amorphous germanium
layer or by implantation of dopant elements after formation of
the amorphous germanium layer and before annealing the
amorphous germanium layer.

12. A method for forming a photovoltaic cell or a photo-
clectrolysis cell, the method comprising forming a monoc-
rystalline germanium layer on a base substrate by a method
according to claim 1.

13. A method for forming a CMOS device, comprising
forming a crystalline germanium layer on a base substrate by
a method according to claim 1.

14. The method according to claim 6, wherein an amount of
hydrogen atoms in the exposed amorphous germanium layer
is from 4.10"" H atoms/cm” to 8.10°* H atoms/cm”.
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15. The method according to claim 1, wherein the monoc-
rystalline germanium layer has a thickness lower than 200 nm
and a surface roughness lower than 1 nm RMS as measured
with X-ray.

16. The method according to claim 1, wherein cleaning the
base substrate comprises annealing the base substrate at a
temperature of 900° C. under vacuum or under exposure to H,
or to a hydrogen plasma to clean the surface, wherein anneal-
ing the base substrate 1s conducted before providing an amor-
phous germanium layer.

17. The method according to claim 1, wherein the chemaical
vapor deposition 1s conducted at a pressure of greater than
le™ torr.

18. The method according to claim 1, wherein the chemical
vapor deposition 1s conducted at a pressure of greater than
le~* torr.

19. The method according to claim 1, wherein the monoc-
rystalline germanium layer has a surface roughness lower
than 5 nm as measured with X-ray.

20. The method according to claim 1, further comprising
providing atop the GeN layer at least one of a contact
improvement layer, a surface passivation layer, or a substrate
upon which other materials are deposited.

21. The method according to claim 1, further comprising
removing the GeN layer.

22. The method according to claim 1, wherein the hydro-

gen source and the gas comprising germanium each consist of
GeH,.
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